1. Heat-inactivation experiments, ammonium sulphate-fractionation studies, enzyme-inhibition studies with S-(oc,-diethoxycarbonylethyl)glutathione, and evidence fromthe distribution of activities in rat liver, in rat kidney and in the livers of other animals, indicate that reactions of glutathione with (i) trans-benzylideneacetone, (ii) cyclohex-2-en-1 -one, (iii) trans-cinnamaldehyde, (iv) diethyl maleate, (v) diethyl fumarate and (vi) 2,3-dimethyl-4-(2-methylenebutyryl)phenoxyacetic acid are catalysed by different enzymes. 2. Evidence is presented that the enzymes catalysing the reactions of glutathione with substrates (i)-(iv) are different from glutathione S-alkyltransferase, S-aryltransferase and S-epoxidetransferase. 3. The name ' glutathione S-alkenetransferases' is proposed for enzymes catalysing reactions of glutathione with ao-unsaturated compounds. 4. The Arrenhius plot for the enzyme-catalysed reaction of diethyl maleate with glutathione is discontinuous, with lower energy of activation at 38°.
S-(aep-Diethoxycarbonylethyl)glutathione, monosodium salt.
A Thunberg tube containing GSH (614mg.) and diethyl maleate (1 ml.) in aq. 50% (v/v) ethanol (20ml.) neutralized to pH8-5 with 1N-NaOH was incubated at 370 for 50hr., until all the GSH had reacted. The reaction mixture was partially evaporated to remove ethanol and extracted with ether to remove excess of diethyl maleate. The aqueous solution was evaporated to dryness in vacuo, and the solid was reprecipitated several times from boiling ethanol by cooling. A hygroscopic white amorphous solid was obtained, m.p. 1780 (decomp.) (Found: C, H, (5) (6) (7) (8) N, S,  Na, 4-3; C1sH2sO1oN3SNa requires C, 43-1; H, 5-6; N, 8-4; S, 6-4; Na, 4.6%). On descending paper chromatography on Whatman no. 1 paper with butan-l-ol-acetic acid-water (2:1:1, by vol.), the product gave one ninhydrin-and sulphur-positive spot at Rp 0-67 (RF of GSH=0.43). A similar spot was given by reaction mixtures containing GSH and diethyl maleate at pH6-5 in the presence or absence of rat liver supernatant. Bivalent sulphur compounds were detected with platinic iodide reagent (Toennies & Kolb, 1951) . The methods of Ellman (1959) and Woodward & Fry (1932) showed no free thiol group in the conjugate. Paper chromatograms showed that some samples of the conjugate contained traces of GSSG and an unidentified compound , the amounts of which depended on the quality of the GSH used.
Buffers. Pyrophosphate buffers were prepared from K4P207 and Na2H2P207, phosphate buffers from KH2PO4 and Na2HPO4, and acetate buffers from sodium acetate and acetic acid.
Thiol estimation. In all experiments, GSH was estimated by titration with iodate in the presence of iodide in sulphosalicylic acid; sodium starch glycollate was used as an indicator (Woodward & Fry, 1932) .
Tissue preparation8. Rat liver and rat kidney supernatants from female adult rats (Chester Beatty strain) were prepared as described by Booth et al. (1961) except that tissues were homogenized in 5vol. of buffer. Dialysis of the supernatant was carried out in Visking tubing against glass-distilled water at pH7 -0. The small precipitate that separated on dialysis was removed by centrifugation. All operations were carried out below 100. Liver supernatants from adult animals of different species were prepared as described above and were all stable on storage at -20°. All samples were prepared from freshly killed animals except for human liver samples, which were obtained within 6 hr. after death.
Adjustment of the pH of rat liver supernatants to pH 5-0 and calcium phosphate-gel adsorptions were carried out as described by Boyland & Chasseaud (1967) , except that various supernatant/gel ratios were used.
Heat inactivation. Dialysed rat liver supernatant was added to a round-bottomed flask immersed in a water bath at 45°. The supernatant was constantly stirred, and samples were withdrawn at various intervals and immediately cooled in ice. The activities of the glutathione S-transferases in each sample were measured by the method outlined for the second substrate examined. Zero time was taken to be when the contents of the flask had attained water-bath temperature (about 5min.). The pH of dialysed rat liver supernatants was 7-4+0-2 and did not change during the inactivation process.
Acetone drying. Ice-cold acetone (9 vol.) was added quickly to stirred, ice-cold dialysed rat liver supernatant at pH 6-5 (1 vol.). The resulting precipitate was removed by centrifugation at 2000g for 5min. The precipitate was filtered and thoroughly washed with ice-cold acetone to yield a dry powder containing glutathione S-transferases.
For estimations of enzyme activity, the powder was homogenizedin0-2M-phosphatebuffer,pH6-5. Undissolved protein was removed by centrifugation and the supernatant assayed for activity.
Acid and ammonium sulphate fractionation. This was carried out by modifying (P. L. Grover, personal communication) the method of Booth et al. (1961) for the preparation of partially purified glutathione S-aryltransferase. Livers from female adult rats (Chester Beatty strain) were homogenized in 5vol. of 0-M-phosphate buffer, pH7-4, in an Ato-Mix blender (Measuring & Scientific Equipment, London, S.W. 1). The homogenate was centrifuged and the precipitate discarded. The supernatant was adjusted to pH5-2 with acetic acid and, after 1-5hr., centrifuged. The precipitate was discarded, and the supernatant adjusted to pH 8-0 with 5N-NaOH soln. Then (NH4)2SO4 (as required) was added, with stirring, and after 30min. the precipitate was removed by centrifugation and discarded. The supernatant was adjusted to pH4-5 with acetic acid and, after 30min., centrifuged. The precipitate, which contained glutathione S-transferases, was dissolved in 0-M-pyrophosphate buffer, pH 8-0, and the solution was adjusted to pH 8-0 with 5N -NaOH soln. and dialysed for 18 hr. against glass-distilled water at pH 8-0. The precipitate that separated was removed by centrifugation and the supernatant assayed for activity. All procedures were carried out between 50 and 100, and preparations were stable for at least 1 year when stored at -20°. Centrifugations were carried out at approx. 2000g for 30min.
Fractionation with Sephadex G-200 gel. Rat liver homogenate was fractionated with 37% (w/v) (NH4)2SO4 as described above; acetic acid was added to adjust the pH to 5-4, the precipitate was removed by centrifugation, and the supernatant was dialysed against 0-05M-acetate buffer, pH 5-4. After centrifugation, the supernatant was concentrated by ultrafiltration to contain 100mg. of protein/ml., and lml. of this preparation was applied to a Sephadex G-200 column (20cm. x 1 cm.) and eluted with 0-05 M-acetate buffer, pH5-4, as described by Cohen, Smith & Turbert (1964) . Fractions (1 ml.) were collected and assayed for activity.
Enzyme activity. Conjugations of GSH with ao-unsaturated substrates and other substrates were measured as described by Boyland & Chasseaud (1967) . The amount of enzyme added was such that not more than 20% of the substrate reacted (see Dixon & Webb, 1964, p. 10) during the incubation. All determinations were corrected for any non-enzymic reaction.
RESULTS
To determine whether distinct enzymes catalyse reactions of GSH with ocx-unsaturated compounds, four rather different substrates were studied, namely diethyl maleate (IA), cyclohex-2-en-1-one (IIIA), trans-benzylideneacetone (V) and transcinnamaldehyde (VIA) ( Table 1 and Fig. 1 ).
Rat liver preparations catalysing reactions of these substrates with GSH were treated in various ways. Procedures that distinguished between the enzymes catalysing reactions of GSH with the above substrates were also used to study reactions of GSH with six other oc,B-unsaturated compounds (Table 1 and Fig. 1 It is possible that only one enzyme catalysed reactions of GSH with ax,-unsaturated compounds, and that the differences shown in Fig. 2 were due to altered enzyme-substrate affinities caused by heating; however, Km values were unaltered by heat-treatment that caused loss of half the activity. (0), tran8-hex-2-en-1-al (VIB) (L) and cinnamaldehyde dimethylacetal (VIC) (A), by heating dialysed rat livcr supernatant for 0-50min. at pH7-4 and 45°. The activities towards these substrates were measured as described in the text. Fig. 4 shows results comparing esters IA, IB and II. The results indicate that the reactions of GSH with ester IA and ester II are catalysed by different enzymes. Boyland & Chasseaud (1967) showed that, although the non-enzymic reaction rate with GSH was greater for the trans-isomer II (velocity coefficient 5-3M-1 min.-1 at pH6-5 and 250) than for the ci8-isomer IA (velocity coefficient O-79M-1 min.-1 at pH6-5 and 250), the latter was a better substrate for enzymic conjugation. A possible explanation for this result is the existence of a different enzyme for each isomer. Heat-inactivation curves for esters IA and IB coincide, indicating that these substrates may be catalysed by the same enzyme (Fig. 4) .
Reactions of GSH with aldehydes VIA and VIB and the acetal VIC (Fig. 5) (Fig. 6) .
Comparison of Figs. 4, 5 and 6 showed that some heat-inactivation curves overlapped experiinents established that the cl; pounds II and V were almost identi inactivation curves for compounds I, similar over 50min. but were distir heat-inactivation was continued for (Table 2) . Some activity towards remained, but the enzyme catalysin of GSH with compound IV was inacti 50min. and 100min. Table 2 shows activity remained towards compoun VIA, VIB and VIC after a dial' supernatant had been heated for 100
The slopes of the heat-inacti' Time at 450 (mir.) Fig. 6 . Decrease in the activities of enz reactions of GSH with cyclohex-2-en-1-parasorbic acid (IIIB) (A), 2,3-dimethyl butyryl)phenoxyacetic acid (IV) (A) and tr acetone (V) (-), by heating dialysed rat 1 for 0-50min. at pH7-4 and 45°. The a( these substrates were measured as describ and separate (Figs. 2, 3 , 4, 5 and 6) suggest that inactivation irves for com-may be a two-stage process: an initial rapid inactical. The heat-vation followed by a slower one. Some of the curves A and IV were may be composite, representing the inactivation iguished when of one or more enzymes catalysing the same reac200min. at 450 tion. In all the experiments, where results obtained compound IA for various substrates were compared, the substrates .g the reaction were always assayed with the same specimen of ivated between treated supernatant at each time-interval. that negligible Ammonium sulphate fractionation. Booth et al. ds IIIA, IIIB, (1961) obtained a partially purified glutathione ysed rat liver S-aryltransferase preparation by ammonium sulmin. at 45°.
phate fractionation of rat liver homogenates. This vation curves preparation also contains other glutathione S-transferases. In a modification of the procedure of Booth et al. (1961) , the quantities of ammonium sulphate used were varied in an attempt to separate activities towards the a,-unsaturated substrates.
Ammonium sulphate (47 %, w/v) separated activities in rat liver preparations into two major groups in agreement with results obtained from heat-inactivation experiments. On the one hand the activity ratio (untreated/fractionated, A/B, *^Table 3) for substrates such as compounds IA and V was about 1, whereas for substrates such as compounds IIIA and VIA it was considerably greater than 1 ( 
Activity (approx. % Liver (L) Kidney (K) ratio (L/K)
in 4 min.) 6-9 3-1 2-2 2-7 1.0 2-7 3-6 1-2 3 0 61-8 24-0 37-1 14-5 1-7 1-7 1-3 0-6 2-2 2-3 40-1 136-2 47-2 04 22-7 81-7 25-2 5-8 1-8 1-7 1-9 2 4 10 9 3 6 2 6 10 6 sulphate-fractionated preparations towards substrates with activity ratios considerably greater than 1, such as compounds IIIA and VIA, so that although an activity ratio of 11-3 (compound IIIA) may be considered significantly different from 5.0 (compound VIA), an activity ratio of 7-0 (com. pound VIB) is not significantly different from either 5 0 on the one hand or 11-3 on the other (Table 3) .
Concentrations of ammonium sulphate in the range 37-47 % (w/v) did not improve the separation of activities towards substrates IA, IIIA, V and Activity ratio8 obtained by comparing dialy8ed rat liver and rat kidney 8upernatant8. Considerable activity towards acz-unsaturated substrates was present in kidney preparations (Table 4) , and this was lowest towards compound V, when compared with liver preparations. Activity ratios (liver/ kidney) obtained distinguished the enzyme catalysing the reaction of GSH with compound V from enzymes concerned with the remaining compounds (Table 4) . Of the remaining compounds, no significant differences in the activity ratio were obtained except for compound II. The results indicate that compound II may be catalysed by an enzyme separate from the enzymes concerned with substrates, such as compounds IIIA and VIA, for which an activity ratio of less than 2-0 was obtained (Table 4) .
The liver/kidney activity ratio obtained for the enzyme catalysing the reaction of compound IA with GSH was 4-4 when the activities ofhomogenates were measured (Boyland & Chasseaud, 1967) , possibly because rat kidney homogenates contain enzymes that convert GSH into cysteine (Binkley, Davenport & Eastall, 1959) , resulting in a decreased concentration of GSH for enzymic conjugation with compound IA in the incubation mixture. Kidney homogenates therefore show lower activity than the corresponding supernatant. About onefifth as much activity towards substrates IA, IIIA, V and VIA was present in lung, heart, blood and spleen (Chasseaud, 1967) as in liver supernatants.
Di8tribution in vertebrate 8pecie8. The enzymes catalysing the reactions of compounds IIIA and VIA with GSH differed in their distribution in the livers of various animal species (Table 5) . The values of the ratio of activities towards compounds IIIA and VIA varied more than fivefold. Similar Table 5 . Dietribution of enzymes catalysing reactions of glutathione with cyclohex-2-en-i-one (IIIA) and trans-cinnamaldehyde (VIA) in the liver8 of 8everal animal 8pecie8 Liver supernatants were prepared as described in the text for rat liver. GSH (3mM) and second substrate (3mM) were incubated for 5min. at pH6-5 and 25°with liver supernatants from various animals. Both second substrates were always assayed with the same preparations. Table 4. variations were observed when activities for compounds IIIA and VIA were compared with those obtained for compound IA by Boyland & Chasseaud (1967 Ki was 05mM (Fig. 7) . For enzymic reactions of GSH with compounds II and V, Dixon (1953) plots were non-linear for inhibitor concentrations above 05mm, and the apparent inhibitor constants (K,) were 005mM and 044mM respectively (Figs. 8 and 9). Greatly increased inhibition was observed with increasing inhibitor concentrations, showing either that the enzyme-inhibitor reaction was not truly reversible under these conditions, or that enzymeinhibitor affinities increased with increasing inhibitor concentrations. It is also possible that trace amounts of a second inhibitor were present, affecting the reaction only at higher inhibitor concentrations. The different nature of the Dixon (1953) plots obtained with a competitive inhibitor suggests that the enzyme catalysing the reaction of GSH with compound II is different from the enzymes concerned with compounds IA and V.
Other fractionation procedure8. Acetone-dried dialysed rat liver supernatant showed activity with all the substrates examined. The powders also contained glutathione S-aryltransferase and Sepoxidetransferase, although these were inactivated in similar experiments by Boyland & Williams (1965) .
Adsorption of dialysed rat liver supernatant on calcium phosphate gel, with various supernatant/ gel ratios, did not separate the activities towards the ao,-unsaturated substrates IA, IIIA, V and VIA. However, the results showed that these compounds are not substrates for glutathione S-alkyltransferase and S-epoxidetransferase, which were distinguished from the enzyme catalysing the reaction of compound IA with GSH by the use of calcium phosphate gel (Boyland & Chasseaud, 1967) . Activities towards the a,8-unsaturated substrates IA, IIIA, V and VIA were not separated by fractionation of the partially purified rat liver preparation described by Booth et al. (1961) on Sephadex process whereby isomerization of maleate to fumarate preceded conjugation with GSH. The latter would have occurred if the heat-inactivation curve (Fig. 4) for diethyl maleate (IA) was a composite of that for diethyl fumarate (II) and a ci8-trans-isomerizing enzyme. DISCUSSION G-200 gel.
Previous work (Boyland & Chasseaud, 1967 ; Dialysis of rat liver supernatant or the lowering Chasseaud, 1967) had shown that compounds of the of the pH to 5 0 did not separate the activities general formula RR'C:CR"A are conjugated with towards the substrates IA, IIIA, V and VIA, and GSH by glutathione S-transferases present in the over 80% of the activity was retained in each case. livers of various animal species and in different rat The same procedures decreased the activities of tissues. Reactions with GSH depend on the glutathione S-alkyltransferase and S-epoxidetrans-strength of the electron-attracting group A and on ferase by at least 50% (Boyland & Williams, 1965 ; electron repulsion or attraction and probably steric Boyland & Chasseaud, 1967) , suggesting that these effects exerted by the groups R, R' and R". Until enzymes are distinct from those concerned with the specificities of the various glutathione S-transthe a,B-unsaturated substrates IA, IIIA, V and VIA. ferases are established, it is proposed that a general Effect of temperature on the rate of the enzyme-name, glutathione S-alkenetranferases, be used to catalysed reaction of GSH with diethyl maleate (IA). describe these enzymes. Since optimum substrate concentrations have been
The enzymes catalysing reactions of GSH with determined for the enzyme-catalysed reaction of diethyl maleate (IA), cyclohex-2-en-1-one (IIIA), diethyl maleate (IA) with GSH (Boyland & trans-benzylideneacetone (V) and tran8-cinnamalChasseaud, 1967) , the effect of temperature on the dehyde (VIA) have been distinguished by their rate of this reaction was also examined. Fig. 10 different sensitivities to heat, by ammonium shows a break in the plot of the logarithm of sulphate fractionation and by consideration of the velocity against the reciprocal of absolute tempera-distribution of activities in rat liver and rat kidney ture, corresponding to a change of activation energy and in the livers of several animal species.
at the transition temperature (32-35°). The energy
The behaviour towards dialysis, lowering of pH, of activation over the lower temperature range and calcium phosphate-gel adsorption showed that was 10.3kcal./mole, and that over the higher range the glutathione S-alkenetransferases concerned was 3.7kcal./mole. The cause of this discontinuity with substrates IA, IIIA, V and VIA are different is unknown, but experiments comparing the from the glutathione S-alkyltransferase and the enzymic and the non-enzymic rates of reaction of S-epoxidetransferase previously described by GSH with diethyl maleate (compound IA) and Johnson (1966) and by Boyland & Williams (1965) diethyl fumarate (compound II) showed respectively. Glutathione S-aryltransferase, first that the change was not due to a two-enzyme described by Booth et al. (1961) , is different from these glutathione S-alkenetransferases, since activities in dialysed rat liver supernatants compared with 47% (w/v) ammonium sulphate-fractionated 12-~350 rat liver preparations were lower for the former enzyme and greater for the latter enzymes, with the T0o -exception of the enzyme catalysing the reaction of GSH with tran8-benzylideneacetone (V) ( Table 3) ; l 8-liver/kidney activity ratios also differed (see (Fig. 5) . In aqueous solutions aldehydes exist in equilibrium with their hydrated forms: R.CH:CH*CHO = R * CH: CH * CH(OH)2 (2) (Dixon & Webb, 1964, p. 261) , which may be the form binding to the enzymic active site. As different enzymes are required by the C68 and tran8 isomers diethyl maleate (IA) and diethyl fumarate (II) (Fig. 4) , glutathione S-alkenetransferases may be specific for one conformation.
Liver is the best source of glutathione S-transferases in the rat but, with the exception of glutathione S-aryltransferase, the kidney also contains appreciable amounts. Johson (1966) reported a liver/kidney activity ratio of 1-4 for glutathione S-alkyltransferase, Boyland & Williams (1965) found an activity ratio of 2-2 for glutathione S-epoxidetransferase, and an activity ratio of about 20 has been given for glutathione S-aryltransferase (Booth et al. 1961; Johnson, 1966; Suga, Ohata, Kumaoka & Akagi, 1967) . Al-Kassab et al. (1963) suggested that the enzyme catalysing conjugations of GSH with certain aryl halides and nitro compounds activated GSH, which could then react with electrophilic (acceptor) second substrates. The discovery of several glutathione S-transferases now shows that both GSH and the second substrate are specifically bound: further evidence for this has been provided by a study of the enzyme-catalysed reaction of GSH with a homologous series of alk-2-en-1-als (Chasseaud, 1967) , which showed that non-enzymic reaction rates decreased with increasing alkyl chain length, as expected, but enzyme activity increased to a maximum with the C9 member.
The work of Johnson (1966) on glutathione S-alkyltransferase and of Clark, Darby & Smith (1967) on glutathione S-aryltransferase also showed that both GSH and second substrate are bound to the enzyme.
Several enzymes probably catalyse the conjugations of GSH with axf-unsaturated compounds. The identities of glutathione S-alkyltransferase, S-aryltransferase and S-epoxidetransferase have not been intensively studied, and it is possible that the wide second-substrate specificity attributed to these enzymes is narrower than was at first thought. The work of Booth et al. (1961) , for example, suggested that reactions of GSH with 1,2-dichloro-4-nitrobenzene and benzyl chloride may be catalysed by different enzymes, since the latter non-competitively inhibits the reaction of the former with GSH. Suga et al. (1967) obtained a liver/kidney activity ratio of 1-4 for the enzyme catalysing the reaction of GSH with benzyl chloride, compared with 12*5 for that catalysing reaction with 1,2-dichloro-4-nitrobenzene.
The Arrenhius plot (Fig. 10) for the enzymecatalysed reaction of diethyl maleate (IA) with GSH was discontinuous. A lower energy of activation was obtained at 380 (physiological temperatures). The causes of such phenomena are seldom clear although several explanations have been suggested (see Dixon & Webb, 1964, p. 158) .
Whereas other detoxication processes, such as glucuronide or sulphate conjugation, require the initial formation of a 'high-energy' or 'active' intermediate involving ATP, the reaction of foreign compounds with GSH does not appear to do so.
Some substrates for enzyme-catalysed conjugations with GSH react rapidly, non-enzymically, with thiol groups, and a probable function of glutathione S-transferases in the cell is to protect important thiol-containing enzymes and other cellular proteins.
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